■ IN BRIEF This study explored the impact of correcting vitamin D deficiency on blood pressure, metabolic status, and weight loss in patients with fatigue and obesity refractory to conventional interventions such as diet, exercise, behavioral modification, and pharmacotherapy. Correction of vitamin D deficiency in such patients was found to be significantly associated with weight reduction and improved insulin sensitivity.
V
itamin D deficiency is a prevalent but under-recognized health problem. Subclinical deficiency had been noted with high prevalence in adult medical inpatients, postmenopausal women, and healthy young adults (1) . Vitamin D is a steroid hormone involved in calcium homeostasis and exists in several forms; the primary circulating form is 25- Vitamin D deficiency is usually accompanied by normal blood levels of calcium and phosphorus, high-normal or elevated PTH, normal to elevated levels of total alkaline phosphatase (ALP), a low 24-hour urine calcium excretion rate, and a low level of total 25(OH)D (5) . Vitamin D insufficiency is defined as a level <30 ng/mL (75 nmol/L), and deficiency is defined as a circulating level <20 ng/mL (50 nmol/L) (6) . Vitamin D deficiency is more common than previously thought; the percentage of adults showing vitamin D sufficiency as defined by 25(OH)D ≥30 ng/mL has been declining (7) .
It has been postulated that hypovitaminosis D is associated with bone pain, myalgia, generalized weakness, and chronic fatigue (8) . Vitamin D deficiency may be a risk factor for depression and other psychological disorders. This may be a result of malfunctions of either the neuroendocrine or central nervous systems (9) (10) (11) .
Hypocalcemia is a cause of refractory hypotension, especially in patients with chronic renal disease (12) . Cardiac performance is reduced by hypocalcemia, with a subsequent decrease in myocardial contractility, ejection fraction, and cardiac index (13) .
Vitamin D deficiency may have a role in the prevalence of obesity and the individual differences in its onset and severity. It may be possible to reverse the increasing prevalence of obesity by improving vitamin D status when associated deficiency is confirmed (14) . The prevalence of vitamin D deficiency was found to be 35% higher in obese subjects compared to a eutrophic group and 24% higher than in an overweight group (15) . This association would be explained by accumulation of vitamin D in the fatty tissue (16) . Vitamin D also has anti-adipogenic properties (17) , and limited research suggested that vitamin D may potentiate weight loss and improve metabolic markers (18) .
Supplementation of vitamin D, together with exercise or mild caloric restriction, had been shown to improve markers of inflammation (19) . Vitamin D acts through an intracellular increase in ionized calcium, which stimulates the apoptosis of adipocytes through sympathetic nervous system activation to augment diet-induced thermogenesis and fat oxidation, increasing energy expenditure. It also acts on the gastrointestinal tract to enhance fecal fat excretion and gastrointestinal hormones that control appetite (19) .
Vitamin D supplementation will decrease PTH levels, and this will enhance insulin sensitivity and gene modulation (i.e., increase genes controlling lipolysis in favor of genes controlling lipogenesis) (20).
Total daily energy expenditure (TEE) encompasses the resting metabolic rate (RMR), the thermal effect of food, and physical activity. RMR is the component of energy expenditure that explains the largest proportion of total daily energy requirements. Individuals with a low RMR are at higher risk of significant weight gain than those with a high RMR (21, 22) .
The aim of this study was to evaluate vitamin D status in patients presenting with fatigue and obesity refractory to conventional interventions such as diet, exercise, behavioral modification, and pharmacotherapy and to assess the impact of vitamin D deficiency correction on blood pressure and metabolic status, including weight loss.
Study Design and Methods

Patient Selection
Two hundred patients, aged 20-40 years, were selected after application of the inclusion criteria from 324 patients who were evaluated because of fatigue, hypotension, and refractory obesity, which is defined as failure to achieve weight loss ≥5% of initial body weight after 1 year, despite diet control, regular exercise, behavioral intervention, and pharmacotherapy (23) (Figure 1 ). Fatigue was defined as the perception of generalized weakness and reduced capacity to maintain activity and difficulties with concentration and memory (24) . The study was conducted from February 2014 to October 2016.
All the patients had tried conventional weight loss interventions, including pharmacotherapies such as maximum tolerated doses of orlistat (120 mg three times daily [n = 144]) or sibutramine (10 mg/day [n = 56]). An age-and sex-matched control group was selected that included patients (n = 148) who were obese and had a deficient level of 25(OH)D. All patients were recruited from the internal medicine outpatient clinic.
The study was conducted at the internal medicine outpatient clinic and Department of Physiology of Zagazig University in Zagazig, Egypt, and was approved by the Zagazig University Ethical Committee. Written informed consent was obtained from patients before their participation in the study.
Potential participants completed a questionnaire regarding their personal and family medical history and drug history. Patients were excluded if their obesity was the result of endocrine causes such as hypothyroidism, genetic causes, pregnancy, lactation, or medications that affect vitamin D status (e.g., calcium, vitamin D, bisphosphonates, or previous treatment with antiviral or immunosuppressive drugs). Patients with hypotension caused by drugs or endocrine causes, diabetes, or medications that affect blood glucose levels (e.g., oral antidiabetic agents, β-blockers, steroids, immunosuppressants, thiazides, or antipsychotics such as clozapine, olanzapine, or risperidone) were also excluded.
Methods
Thorough medical histories and clinical examinations were performed on all patients. Clinical signs of endocrine causes of hypotension and obesity were evaluated. Fatigue was evaluated with regard to characteristics (i.e., onset, course, and duration), as were risk factors for specific diseases such as malignancies, autoimmune diseases, and diabetes. Use of drugs that cause fatigue was ruled out. Fatigue was measured by a visual analog scale that rates patients' fatigue on a 0-10 scale.
Clinical Evaluation
Clinical evaluation included:
• Waist circumference, which was measured in the horizontal plane at the midpoint between the lowest rib and the iliac crest at the end of normal expiration • BMI calculated as weight in kilograms divided by the square of height in meters • Resting energy expenditure (REE), which was calculated by using the Mifflin-St. Jeor equations (Eq. 1 and Eq. 2) before and after vitamin D replacement (25) ; these equations consider weight, height, and age for both men and women and can efficiently predict measured RMR better than other methods (26) .
Male: REE (kcal/day) = 9.99 × body weight (kg) + 6.25 × height (cm) -4.92 × age (years) + 5
Female: REE (kcal/day) = 9.99 × body weight (kg) + 6.25 × height (cm) -4.92 × age (years) -161
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h a n a f y a n d e l k ata w y ■ FIGURE 1. Flow diagram of the study patient selection and intervention. Patients were classified according to their 25(OH)D level into three subgroups: one with sufficient levels (≥30 ng/mL), one with deficiency (<20 ng/mL), and one with insufficiency (20-29 ng/mL). Between-group differences were tested using one-way analysis of variance for continuous data and χ 2 tests for categorical data. Multivariate linear regression analysis was used to detect clinical variables independently associated with 25(OH)D concentrations.
Protocol for Therapy and Follow-Up
The patients were exposed to 12 weeks of a 500-kcal deficit diet and mild physical activity, defined as walking for one-half hour on 5 days/ week such that their heart rate was 40-54% of their maximum calculated heart rate (220 -age [years]). The patients monitored their pulse rate (30) .
The 500-kcal deficit diet was calculated depending on patients' body weight (kg), height (cm), age, sex, and activity level. Adherence was assessed by daily records of total energy intake
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Patients with proven vitamin D deficiency were given vitamin D supplementation with cholecalciferol (vitamin D3) 100,000 IU every 2 weeks for 12 weeks to achieve a blood level of 25(OH)D >30 ng/mL (31) .
Physical activity adherence was defined as successful if participants completed a prescribed exercise schedule for at least two-thirds of the time. Self-reports of minutes of exercise were collected, and we followed up on patients' commitment to perform regular exercise. To guarantee medication adherence, we supervised vitamin D administration.
Patients were evaluated after 12 weeks for weight loss, improvement in insulin sensitivity, and blood pressure. Table 1 . The mean value of 25(OH)D for all patients (n = 200) was 21.6 ± 1.1 (SE) ng/mL; PTH was 81.5 ± 27.5 pg/mL; serum calcium was 8.44 ± 0.63 mg/dL; ionized calcium was 3.78 ± 0.63 mg/dL; ALP was 94.6 ± 16.1 IU/L; and Statistically significant differences were noted with regard to BMI (P = 0.04); consumption of an unhealthy diet (defined as a diet that provides high calories derived from fat and sugars with little fiber, protein, minerals, and vitamins) (P = 0.003); QUICKI (P = 0.01); total, ionized, and 24-hour urine calcium (P = 0.03, 0.02, and 0.02, respectively); PTH; 25(OH)D level (P = 0.000); degree of FLD; and SFT (P = 0.001) ( Table 1) .
Results
A total of
Reduced insulin sensitivity (defined as a QUICKI value <0.339) was evident in 120 patients (60%); Table 3 . Both the hypovitaminosis D subgroup and the control group were exposed to 12 weeks of a 500-kcal deficit diet and mild activity. The hypovitaminosis D subgroup was also given cholecalciferol 100,000 IU every 2 weeks for 12 weeks. Subjects were evaluated after 12 weeks for weight loss, insulin sensitivity, and blood pressure.
After 12 weeks of vitamin D supplementation with a weight loss intervention, the hypovitaminosis D subgroup showed significant weight loss in both males and females compared to the control group. However, RMR and TEE were not significantly changed in either group (Table 3) . Thus, adequate vitamin D status may cause weight loss through enhanced insulin sensitivity without change in TEE (Table 2 and Table 3 ).
The hypovitaminosis D subgroup showed a highly significant increase in 25(OH)D, significant improvement in insulin sensitivity with a decrease in the number of patients with reduced insulin sensitivity, and
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h a n a f y a n d e l k ata w y significant weight loss (11.7 ± 0.95 kg) as shown in Table 3, Table 4 , and Figure 3 .
The hypovitaminosis D subgroup had a significant reduction in SFT from 4 ± 0.8 to 2.8 ± 0.6 cm after vitamin D supplementation versus a nonsignificant reduction in SFT from 3.2 ± 0.7 to 2.9 ± 0.4 cm in the control group.
Variables most highly correlated with 25(OH)D were QUICKI (r = 0.504, P = 0.000), degree of FLD (r = -0.644, P = 0.000), SFT (r = -0.534, P = 0.000), BMI (r = -0.487, P = 0.000), and PTH (r = -0.842, P = 0.000). Stepwise multivariate linear regression analysis revealed that 25(OH)D is independently associated with PTH level (β= -0.520, P = 0.000), BMI (β= -0.134, P = 0.002), degree of FLD (β = -0.324, P = 0.000), and SFT (β = -0.432, P = 0.000).
Discussion
The vitamin D-parathyroid axis is altered in obesity such that circulating 25(OH)D is reduced in obese individuals (32) . Improvement in vitamin D status in obesity is associated with many benefits for general health.
There is a link between vitamin D status, glucose metabolism, and type 2 diabetes; an inverse association between A1C and 25(OH)D has been found, and sufficient vitamin D status provides a protection against type 2 diabetes (33). 25(OH)D deficiency is associated with reduced insulin sensitivity and impaired glucose tolerance; repletion of vitamin D is associated with improvement of this metabolic derangement (34) .
A potential mechanism that supports the benefit of vitamin D supplementation is improved insulin secretion, as vitamin D receptors and 1-α-hydroxylase enzymes are expressed in pancreatic β-cells (35). 1,25(OH)2D activates transcription of the human insulin gene, enhancing insulin responsiveness for glucose transport in the muscles, upregulation of glucose transporter 4, and glucose utilization in adipocytes (36) . Vitamin D supplementation improves adipose tissue inflammation through enhancing adiponectin, reducing interleukin 6 in adipocytes, and inhibiting the nuclear factor κB pathway and macrophage recruitment (37) .
In this study, which enrolled 200 patients with a triad of obesity resistant to conventional measures, hypotension, and fatigue, we measured vitamin D status by detecting 25(OH)D levels and insulin sensi-■ FIGURE 3. Significant weight loss and improvement in insulin sensitivity in patients with 25(OH)D deficiency after vitamin D supplementation. Because overweight and obese patients with hypovitaminosis D might require higher doses of vitamin D to achieve vitamin D repletion compared to individuals with normal body weight (38) , the hypovitaminosis D subgroup was given oral vitamin D in a dose of 100,000 IU every 2 weeks for 12 weeks. In response, this group showed significant weight reduction (11.7 ± 0.95 vs. 3.1 ± 0.7 kg in the control group), and that finding was associated with improved insulin sensitivity and hypotension. Adequate vitamin D status may cause weight loss through enhancement of insulin sensitivity without change in TEE.
Interestingly, our results showed inverse correlations between SFT and severity of FLD and 25(OH)D level.
Mild caloric restriction is an accessible and tolerable intervention and is associated with substantial reduction in insulin needs in patients with type 2 diabetes and insulin resistance (39). Correction of vitamin D level was associated with improved QUICKI from 0.33 to 0.34, weight loss from 93 to 81.3 kg, and SFT reduction from 4 ± 0.8 to 2.8 ± 0.6 cm. In the control group, mild caloric restriction with mild activity led to a nonsignificant weight reduction of 3.1 ± 0.7 kg and a nonsignificant reduction in SFT from 3.2 ± 0.7 to 2.9 ± 0.4 cm.
In a 4-week inpatient study on a metabolic rehabilitation consisting of individualized caloric restriction and aerobic physical exercise in obese subjects (40) , researchers assessed the acute effects of 600,000 IU cholecalciferol given orally. Cholecalciferol administration increased 25(OH)D levels (P <0.001) and promoted a significant increase of high molecular weight adiponectin (HMW-A) with a significant decrease of the leptin/ HMW-A ratio (P <0.05).
Our study, which was conducted on an adequate number of obese subjects, showed that hypovitaminosis D is prevalent in obesity; 152/200 patients (76%) had an abnormally low vitamin D level. It is not known whether hypovitaminosis D contributes to, or is a complication of, obesity or whether there are parallel interactions between excess fatty tissue and vitamin D activity or bioavailability.
In cases in which 25(OH)D detection is unavailable or cannot be performed because of costs, we can depend accurately on PTH and serum and 24-hour urinary calcium measurements to provide indirect evidence of hypovitaminosis D in obese patients.
In conclusion, recognition and correction of vitamin D deficiency in patients with refractory obesity, fatigue, and hypotension is associated with significant weight reduction and improvements in metabolic derangement and general health. 
